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Abstract 
The current research work demonstrates through experiment, the effect of solid lubricant assisted minimum quantity lubrication (MQL) turning 
of Inconel 718 on the finish quality of machined surface. In MQL application, micron sized tungsten disulfide (WS2) solid lubricant powder 
particles were dispersed (0.5% wt.) in emulsifier oil based cutting fluid (20:1). To comprehend the finish quality of machined surface with the 
presence of WS2 solid lubricant, turning tests are conducted. The effect of cutting parameters on the finish quality of work surface is evaluated 
using statistical design approach. Multiple linear regression models are developed and validated to understand the correlations between cutting 
parameters. Results demonstrate that, surface quality of machined work material during WS2 solid lubricant assisted MQL machining showed a 
much improvement on the finish quality of work material by on average about 35% when compared to MQL machining alone.  
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of the 13th Global Conference on Sustainable Manufacturing. 
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1. Introduction 
Growing consciousness for green manufacturing globally 
and consumer focus on environment friendly products has put 
increased pressure on manufacturers and researchers to 
eliminate or minimize the use of cutting fluids. Alternative to 
cutting fluids, several technologies such as, flood cooling, 
MQL/near dry machining, cryogenic cooling and solid 
lubricant assisted machining have been developed in recent 
years. [1,2]. Among these techniques, near dry machining or 
machining with MQL makes researches extreme attractive to 
use in manufacturing processes due to its enormous benefits in 
improving cutting performance as well as saving not only the 
cost associated with the disposal of used oils but also the 
machine-tool cleaning cycle time and energy consumption 
associated with cutting fluid supply systems [3,4]. 
Over the past few years, great amount of research has been 
advanced in dry and near-dry machining and in recent times 
machining with MQL is considered to be as an effective near-
dry application because of its eco-friendly features. In order to 
reduce or even eliminate the use of cutting fluids, numerous 
researchers investigated the possibility of using MQL in 
different applications such as turning [5,6], milling [7,8], 
drilling [9,10] and grinding [11,12]. In all these applications, 
machining process efficiency has been increased due to the 
presence of small quantity of lubricating oil in the cutting 
zone, which able to penetrate deep into the tool-chip and tool-
work piece interfaces, thus reduces friction between them 
during cutting process. In present years, MQL has been 
realized to be superior to conventional cooling and regarded as 
a promising method for enhancing process efficiency by 
promoting environmental sustainability in manufacturing. 
Numerous studies have been demonstrated the 
effectiveness of MQL process in machining applications by 
using vegetable oils, water based oils and oil-free synthetic 
lubricants as a MQL mixture [13]. Besides the use of such 
lubricant materials, some studies show that mixture of solid 
lubricant and oil based lubricant can work more effectively in 
machining process. Various developments have taken place 
with respect to selection of lubricant. In this direction, modern 
tribology is increasingly paying attention on the selection of 
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ecological solid lubricant materials such as MoS2, WS2, CaF2, 
graphite, PTFE, TiN, TiC, TiB2, etc., which can allow 
minimum frictional effects and control heat generation 
between rubbing surfaces in contact [14]. Shen et al. [15], in 
their study, introduced MQL lubricant with MoS2 nano-sized 
particles to improve the grinding process performance. In 
addition, the type and concentration of solid lubricant in 
cutting fluid can be also important factors for an optimal use 
of the cutting fluids in machining processes [16].  
In the present work, an attempt has been made to 
comprehend the finish quality of machined work material, 
Inconel 718 in two machining environments such as MQL 
turning and WS2 solid lubricant assisted MQL turning. The 
influence of cutting parameters such as cutting speed, feed and 
depth of cut on the measured surface roughness of machined 
work material in both the machining environments is 
discussed with the help of statistical approaches such as 
analysis of variance (ANOVA) and correlations between the 
parameters by multiple linear regressions. 
 
Nomenclature 
Ra       Average surface roughness (μm) 
Vc       Cutting speed (m/min)    
f          Feed (mm/rev) 
ap        Depth of cut (mm) 
γ Rake angle (degree) 
α Clearance angle (degree) 
re Nose radius (mm) 
2. Experimental procedure 
2.1. Materials and machining tests 
 
The work material used in machining tests is nickel based 
super alloy, Inconel 718, which is widely used in aerospace 
applications due to its excellent mechanical properties and 
corrosion resistance. The chemical composition of this 
material is tested in Jyothi Spectro Analysis, Hyderabad, India 
and results were presented in Table 1. The microstructure of 
Inconel work material is shown in Fig.1. 
Table 1. Chemical composition of AISI 52100 steel (wt %). 
 
Element and 
Composition 
C Si Mn P S Cr Mo 
0.022 0.087 0.022 0.001 0.002 18.304 3.01 
Al Co Cu Nb Ti B Ni 
0.53 0.016 0.007 5.10 1.06 0.004 54.482 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Microstructure of Inconel 718. 
In machining tests, SNMG 120408 carbide cutting tool 
inserts were used and mounted on a commercially available 
ISO standard tool holder. In MQL application, micron sized 
WS2 solid lubricant powder particles were dispersed (0.5% 
wt.) in emulsifier oil based cutting fluid (20:1). Ultrasonic 
homogenizer is used in dispersing solid lubricant particles 
into cutting fluid. The detailed experimental conditions 
adopted for machining tests were presented in Table 2. 
Turning experimental setup fitted with MQL delivery system 
is shown in Fig. 2. Surface roughness on the machined work 
material is measured with the help of Surftest SJ 301. 
Table 2. Experimental conditions used in machining tests. 
Work material Inconel 718 
Work material size Initial diameter = 32 mm 
Length = 300 mm  
Cutting conditions Cutting speed = 60, 80, 100 m/min 
Feed = 0.1, 0.2, 0.3 mm/rev 
Depth of cut = 0.05, 0.075, 0.1 mm 
Cutting tool and 
tool geometry 
SNMG 120408 (ISO P30 grade) 
Rake angle (γ) = -6o, clearance angle (α) = 6o, nose 
radius (re) = 0.8 mm 
Surface roughness 
measurement 
Surftest SJ 301 
Machining 
environment 
(i) MQL machining  
(ii) WS2 Solid lubricant assisted MQL turning  
MQL supply Graseby 3100 syringe pump (flow rate: 200 ml/hr) 
Lubricant Emulsifier oil based cutting fluid 
 
Fig. 2. (a) MQL machining experimental setup, and (b) a sample measure of 
surface roughness with Surftest. 
2.2. Plan of experiments 
In the present work, in order to see the influence of cutting 
parameters on the quality of machined work material surface, 
Taguchi design approach is employed in experimental plan. 
Taguchi orthogonal array, L27 (3
13) is selected for conducting 
experiments. The machining process parameters (control 
factors) considered for the experiments were: (i) cutting speed 
(vc), (ii) feed (f), and (iii) depth of cut (ap). The number of 
trial experiments conducted with the 3 levels for each 
identified factors is illustrated in Table 3. 
Table 3. Assignment of levels to the control factors (machining parameters).  
Control factors Levels 
1 2 3 
Cutting speed (vc) in m/min 100 150 200 
Feed (f) in mm/rev 0.1 0.2 0.3 
Depth of cut (ap) in mm 0.05 0.1 0.15 
 
The experimental results of surface roughness in both the 
machining environments and corresponding S/N (signal to 
noise) ratios for the results obtained from Taguchi statistical 
approach are presented in Table 4.  
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Table 4. Measured surface roughness (Ra) on the machined work material in two machining environments. 
Exp.
No. 
Cutting conditions Surface roughness, Ra (μm) S/N ratio 
Cutting speed 
(m/min) 
Feed 
(mm/rev) 
Depth of cut 
(mm) 
MQL 
machining 
WS2 Solid lubricant 
assisted MQL 
machining 
MQL 
machining 
WS2 Solid lubricant 
assisted MQL 
machining 
1 60 0.1 0.05 0.68 0.49 3.34982 6.19608 
2 60 0.1 0.10 0.72 0.54 2.85335 5.35212 
3 60 0.1 0.15 0.81 0.59 1.83030 4.58296 
4 60 0.2 0.05 0.95 0.73 0.44553 2.73354 
5 60 0.2 0.10 1.04 0.81 -0.34067 1.83030 
6 60 0.2 0.15 1.08 0.85 -0.66848 1.41162 
7 60 0.3 0.05 1.25 0.97 -1.93820 0.26457 
8 60 0.3 0.10 1.31 1.01 -2.34543 -0.08643 
9 60 0.3 0.15 1.36 1.07 -2.67078 -0.58768 
10 80 0.1 0.05 0.61 0.42 4.29340 7.53501 
11 80 0.1 0.10 0.68 0.47 3.34982 6.55804 
12 80 0.1 0.15 0.75 0.56 2.49877 5.03624 
13 80 0.2 0.05 0.89 0.66 1.01220 3.60912 
14 80 0.2 0.10 1.02 0.77 -0.17200 2.27019 
15 80 0.2 0.15 1.13 0.89 -1.06157 1.01220 
16 80 0.3 0.05 1.28 0.96 -2.14420 0.35458 
17 80 0.3 0.10 1.42 1.09 -3.04577 -0.74853 
18 80 0.3 0.15 1.51 1.14 -3.57954 -1.13810 
19 100 0.1 0.05 0.44 0.33 7.13095 9.62972 
20 100 0.1 0.10 0.53 0.38 5.51448 8.40433 
21 100 0.1 0.15 0.62 0.44 4.15217 7.13095 
22 100 0.2 0.05 0.71 0.51 2.97483 5.84860 
23 100 0.2 0.10 0.77 0.59 2.27019 4.58296 
24 100 0.2 0.15 0.86 0.65 1.31003 3.74173 
25 100 0.3 0.05 1.02 0.76 -0.17200 2.38373 
26 100 0.3 0.10 1.12 0.83 -0.98436 1.61844 
27 100 0.3 0.15 1.26 0.94 -2.00741 0.53744 
 
3. Results and discussions 
The influence of cutting parameters such as cutting 
speed, feed and depth of cut on the measured surface 
roughness of machined work material in two machining 
environments is discussed with the help of following 
statistical approach: (i) ANOVA, and (ii) correlations 
between the parameters by multiple linear regressions. 
3.1. ANOVA results 
ANOVA can be useful for interpreting input data and test 
results in a controlled way after a series of trials. The 
obtained results in the current work were analyzed using 
Minitab-16, statistical analysis software which is widely 
used in many engineering applications. Table 5 and Table 6 
show the results of ANOVA with the surface roughness (Ra) 
of machined work material in MQL machining and WS2 
solid lubricant assisted MQL turning respectively. The last 
column of the ANOVA table indicates the percentage of 
contribution (P) of the each parameter on the total variation 
indicating then, the degree of influence on the result, 
surface roughness. 
 
Table 5. ANOVA results for surface roughness in MQL machining. 
Factors Degree 
of 
freedom 
Sum of 
squares 
Variance Test F Ftable P (%) 
A 2 27.773 13.887 262.07 8.65 13.46 
B 2 161.548 80.774 1524.37 8.65 78.34 
C 2 12.755 6.378 120.36 8.65 6.18 
A*B 4 2.377 0.594 11.21 7.01 1.15 
A*C 4 0.852 0.213 4.02 - 0.41 
B*C 4 0.460 0.115 2.17 - 0.22 
Error 8 0.424 0.053   0.20 
Total 26 206.189    100.00 
A: cutting speed, B: Feed, C: Depth of cut 
Table 6. ANOVA results for surface roughness in WS2 solid lubricant 
assisted MQL turning. 
Factors Degree 
of 
freedom 
Sum of 
squares 
Variance Test F Ftable P (%) 
A 2 32.434 16.217 523.67 8.65 13.55 
B 2 187.26 93.63 3023.45 8.65 78.28 
C 2 15.741 7.871 254.15 8.65 6.58 
A*B 4 2.090 0.522 16.87 7.01 0.87 
A*C 4 0.835 0.209 6.74 - 0.34 
B*C 4 0.594 0.149 4.8 - 0.24 
Error 8 0.248 0.031   0.10 
Total 26 239.201    100.00 
A: cutting speed, B: Feed, C: Depth of cut 
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From the ANOVA of results (Table 5 and Table 6), it 
indicates that in both the machining i.e. MQL turning and 
WS2 solid lubricant assisted MQL machining the feed rate 
is the most significant parameter among the factors 
considered. The percent contribution of each factor on the 
measured surface roughness is as follows: feed rate factor 
(78.34% in MQL machining and 78.28% in WS2 solid 
lubricant assisted MQL machining), cutting speed factor 
(13.46% in MQL machining and 13.55% in WS2 solid 
lubricant assisted MQL machining) and depth of cut factor 
(6.18% in MQL machining and 6.58% in WS2 solid 
lubricant assisted MQL machining). This is true because it 
is well accepted that for a specified nose radius of cutting 
tool, the quality of surface finish is primarily a function of 
the feed rate [17]. 
From the measured surface roughness values and 
corresponding S/N ratios presented in Table 4, it is 
understood that the optimal cutting parameters for surface 
roughness of machined work material in both the machining 
environments were the cutting speed at level 3 (100 m/min), 
feed at level 1 (0.1 mm/rev) and the depth of cut at level 1 
(0.05 mm). This is true because in general among all the 
available quality characteristics in the analysis of the S/N 
ratio, a greater S/N ratio corresponds to the better quality 
characteristics.  
From the experimental results presented in Table 4 
reveal that for given cutting speed, the quality of surface 
finish on the machined work material in both the machining 
environments sharply increases with increase in feed value. 
On the other hand, surface roughness has a tendency to 
reduce with an increase in cutting speed at constant feed 
rate. However, the measured values of surface roughness on 
the machined work material when machining with WS2 
solid lubricant assisted MQL machining are always lesser 
than those in MQL machining alone.  
The difference in results of surface roughness values in 
two machining environments such as MQL machining and 
WS2 solid lubricant assisted MQL machining are recorded 
to represent the relative performance. Results show that it 
was much better in quality of surface finish (about 35% 
high) of machined work material under similar operating 
conditions during WS2 solid lubricant assisted MQL 
machining. The lower values of surface roughness produced 
in WS2 solid lubricant assisted MQL machining could be 
due to the presence of WS2 solid lubricant particles in MQL 
mixture and its strong inherent lubricating properties. This 
is true because it is well accepted that the lamellar 
structured orientation of WS2 solid lubricant can shears 
easily along the chip-tool rake face sliding direction and 
leading to lower heat generation and frictional effects at 
tool-chip interface. The low friction characteristics of these 
materials have been attributed to their anisotropic 
hexagonal layered structure with strong covalent bonds 
between M and X atoms (M=Mo, W; X=S) within a 
lamella, while adjacent lamella interact through relatively 
weak Van der Waals forces [18]. This feature, WS2 basal 
layer sliding and its weak Van der Waals forces interaction 
along the adjacent lamellae, makes WS2 one of the most 
promising solid lubricants used as self-lubricating material. 
3.2. Correlations and confirmations 
In the present study, in order to understand the influence 
of cutting parameters on the surface roughness and verify 
the accuracy of developed regressive model, correlation and 
confirmation tests were performed. The correlation between 
the cutting parameters (cutting speed, feed and depth of cut) 
and measured surface roughness of machined work material 
in MQL machining and WS2 solid lubricant assisted MQL 
machining is determined from the developed multiple linear 
regression models as shown in Eq.1 and Eq.2 respectively.  
 
 
Ra (MQL machining) = – 0.85037 + 0.03786*A + 1.56667*B + 0.00*C – 
0.00028*A2 + 2.61111*B2 – 0.22222*C2 + 0.00417*A*B + 0.01667*A*C 
+ 2.16667*B*C           
(R2 = 97.89%)                (1) 
 
 
Ra (WS2 solid lubricant assisted MQL machining) = – 0.69963 + 
0.02675*A + 2.35556*B + 0.43333*C – 0.0002*A2 + 0.38889*B2 – 
0.44444*C2 – 0.00208*A*B + 0.00917*A*C + 1.83333*B*C   
(R2 = 97.23%)               (2) 
 
 
Table 7 presents the error between the measured and 
predicted (from model) results of surface roughness for 
some randomly selected cutting conditions. From the 
analysis of results, it is noticed that the calculated error for 
surface roughness is very less in both the machining 
environments. Therefore, Eq.1 and Eq.2 correlates the 
relationship of surface roughness with the cutting 
parameters with realistic degree of approximation. Further, 
the effectiveness of the model has been tested by 
calculating the coefficients of determination (R2). The 
obtained R2 values for the models are presented in the Eq.1 
and Eq.2. It is observed that the coefficients of 
determination values of developed models have very good 
correlations between the experimental and predicted values 
of surface roughness and hence the models are very 
effective. 
Table 7. Percentage of error (%) between measured and model predicted 
surface roughness in both the machining environments. 
Confirmation 
test no 
Randomly selected cutting 
parameter values 
 
Error (%) between 
experimental and 
predicted value 
 
Cutting 
speed 
(m/min) 
Feed 
(mm/
rev) 
 
Depth of 
cut 
(mm) 
MQL 
machining 
WS2 solid 
lubricant 
assisted 
machining 
1 70 0.15 0.05 4.96 5.24 
2 90 0.25 0.1 4.12 3.69 
3 100 0.3 0.125 3.87 4.04 
 
In addition to the above, the adequacy of the developed 
models was tested using the ANOVA statistical technique 
and the calculated value of the F-test of the model does not 
exceed the standard tabulated value of F-table for a desired 
confidence level of 95%. The 95% prediction interval is the 
range in which we can expect any individual value to fall 
into 95% of the time. From the ANOVA results, it is evident 
that both the models are adequate at 95% confidence level. 
Further, the Anderson–Darling test and normal probability 
plots of the residuals versus the predicted surface roughness 
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results are plotted in Fig. 3 and Fig. 4 for both the 
machining environments such as MQL machining and WS2 
solid lubricant assisted MQL machining respectively. The 
data presented in Fig. 3 and Fig. 4 closely follows the 
straight line. The null hypothesis is that the data distribution 
law is normal and the alternative hypothesis is that it is non-
normal. Using the ‘p’ value which is greater than ‘α’ of 0.05 
(level of significance), the null hypothesis cannot be 
rejected (i.e., the data follow a normal distribution). 
Therefore, it implies that the models proposed for 
predictions of surface finish quality of machined work 
material in both the machining are adequate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Normal probability plots for average surface roughness (Ra) 
measured on the machined work material in MQL machining. 
 
 
 
 
 
 
 
 
Fig. 4. Normal probability plots for average surface roughness (Ra) 
measured on the machined work material in WS2 solid lubricant assisted 
MQL machining. 
4. Conclusions 
The applicability of WS2 solid lubricant as a potential 
additive to emulsifier oil based cutting fluid was 
investigated over a wide range of cutting conditions on the 
measured surface roughness of machining work material. 
The influence of cutting parameters on surface roughness in 
turning of Inconel 718 during MQL machining and WS2 
solid lubricant assisted MQL machining is assessed with the 
help of Taguchi design approach and ANOVA. Further, 
correlations between the cutting parameters and measured 
surface roughness are determined using multiple linear 
regression equation. In addition to the above, to see the 
adequacy of the results, the Anderson-Darling test and 
normal probability plots of the residuals versus the 
predicted response for the surface roughness are plotted. 
In both the machining environments, the optimal cutting 
parameters for surface roughness of machined work 
material were the cutting speed at level 3 (100 m/min), feed 
at level 1 (0.1 mm/rev) and the depth of cut at level 1 (0.05 
mm). Surface quality of machined work material in WS2 
solid lubricant assisted MQL machining showed a much 
better improvement by 35% when compared to that of MQL 
machining alone. The positive results with WS2 solid 
lubricant assisted MQL machining is due to the presence of 
transition-metal dichalcogenide of the form WS2 and its 
characteristic anisotropic layered structure which reduces 
tool-chip contact frictional effects and heat generation 
during cutting process. So, it implies that WS2 solid 
lubricant can work effectively as a potential additive to 
emulsifier oil based cutting fluid.  
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